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SUBJECT: Humen Tolerance for Short
Exposures to Heat,

SERIAL No. . TSEAL‘.3"695‘L¥9A ..................... Expenditure Order No. 695"'40 ...................................
A. PURPOSE.

l, 7To esteblish the maximm tolerable limits of temperature and
humidity in cabins of high speed fighter airoraft of unconventional type.

2. To present the results of a preliminary investigation of hsat
tolerance at high environmental temperatures end humidities.

B.  FACTUAL DATA.

le The development of very high speed fighter airoraft poses ths
problem of excessive cockpit temperatures, particulerly in fast sweeps at
low altitude, The heat arises from three sources, namely: solar radiati.:
transmitted through the plexiglas bubble ocanopy; friction of the ailr pasu’:
over the surface of the fuselage; and the heat of ram pressure, For ex»: =
the last named phenomenon may cause a temperature rise above OAT of 290” L
e speed of L00 m.p.h.; this value increases to L5°F at 500 m.p.h. and -
6L°F at 600 m.p.h., If to this is added another 10 to 15°F effective tn&&.rv
ature due to solar radiation, cabin temperatures in excess of 150°F may %=
expected even when ambient temperstures are not higher than 90 to 1CO°F.

2. 8inoe the duration of exposure to these high temperatures is
expected to be short, 15 to 30 minutes at a maximum, as limited by the
taotioal use of the airplsne and the fuel supply, steady states of human
hsat balsnce are not required. The biophysical problem is to determine
points on a duration-intensity curve which ars tolerable for Air Forece
personnel. In seleoting these points, it must be sssumed that pilots are
not heat acolimatized, and that thoy represent a range of oconstitutional

and fitness types,
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S Human tolerance for heet is determined by faotors which oan be
classified as environmental and physiological;

- The basic environmental factors are four; dry bulb
temperature, mean radiant temperature, vapor pressure of the atmosphere,
and air movement, With the special ocase of sairoraft cabins in mind, the
first two factors may be represented by dry bulb tempersture, and air
movement may be eliminated as e variable by utiliging the moderate value
of 3.5 mepsh. The possible error involved in these assumptions is small,
and this simplification of the problem is justified by the observation
that air movements in airoraft cabine are generally in the range 2 to 5
_ m.pehs, the average of which was used in these experiments., We have,
therefore, two mein variables, dry bulb temperature and vapor pressure,.
The first of these influences hsat balance by determining the rate of
trensfer of heat from the environment to the body by radiation and con-
vection, The second factor acts to limit the evaporative heat loss, so
that at high vapor pressures, which approach the vapor pressurs of sweat,
the amount of radiative and convective heat gain which can be balanced
by evaporation is correspondingly reduoced.

be The strain upon the physiological makeup of the body may
be measured by the following:

(1) The primary physiological ohange is an increase
in body heat content and concomitant temperature
rise, This phenomenon is measured by internal
(rectal) temperature.

(2) The secondary physiologioal changes cocur in the
. homeostatic mechanisms of temperature regulation
and oirculation, The scceleration in heart rate,
the rete of sweat loss and the skin tsmperature,
serve to measure the degree of strain on the
homecstatic mechsniems,

(3) Finally, appearancs, subjective state, funectional
efficiency, and presence or absence of symptoms of
heat exhaustion in the exposed individuel muet Im
taken into sccount in evaluating the varisus lsvels
of body temperature and homeostatlie response,

Lis Three steps have been taken in defining tolersnce limits im il
" pressent investigation; -

a. Experiments were oconduoted to ssteblieh lewsis of physie-
logical response and the combinsticus of dry hulb tsmpereturs end wpor

pressure which produce equszl phys: ological response. In thir primery ssvi. v

-2.




Bnge Dive Memo. Reporxt
No. TSBAL-3-695-1,0A
28 February 19L5.

four previously scolimatized subjects participated in 16 one~hour exposures
in the All-Tsather Room, The selected environments ranged from 90 to 160°F
and from 5 to 90 per cent relative humidity. The subjects wers clothed in
80-20 cotton-wool underwear and light byrdeloth flying coverslls. They

sat at rest during exposure., Sweat loss, heart rate and skin and reotal
temperatures were teken before and three times during the exposure, A full
description of these experiments is given in Appendix I and the data are
presented in Tables 1-3.

b. The data from the first series were treated to yield an equation
fram whioch the level of physiological response could be predicted from the
environmental variables (Table ). The levels (L) ere given by the formula;

L = 047 (dry buldb, °F) + .057 (vapor pressure, mm, Hz) - 7.31
= ,085 (dry bulb, °F) + .057 (vapor pressure, mm, Hg) - 5,32

From these squations, levels of equal physiological response were drawn on &
temperature~humidity-vapor pressure chart (Figure 1). It should be expressly
wnderstood that these equations serve primarily to express the regression of
vapor pressure on dry bulbt temperature at constant level of physiologlecal
response., Their validity rests upon the results of the verification tests
described next,

o, Tests were then run to establish the tolerability of the
environments producing specified levels of physiological response for
solected durations of exposure, and to oonfirm the equivelence of the
predicted temperature-humidity combinations. After consideration of the
data end generel expsrience with the first series of tests, and after
conducting a few exploratory experiments, lines l, and 5 (Figure 1) were
. tentatively chosen as 60- and 30-minuts tolerance limits, Fourteen subjescts
were then tested at selected points on line L, and nine subjeots similariy
on line 5., These tests were conducted exmctly as desoribed for the first
series, except that the length of exposure on the line 6 was limited %o
35 minutes. A deseription of these tests is given in Appendix II and
Tebles 5 and 6.

5« On the basis of the results from the verification experiments,
which confirmed the general walidity of the prediction equations in regsrd
to both the reciprocal relationship of tempesrature and vepor pressure, and
the selection of tolerancs levels, a three-fold classification of toleranse
lines was decided upon. The environments were olassified as tolerable,
marginal, or intolersble for specified duretions of exposure for individuals
having the constitutionel sand fitness qualifications of Air Force pilots. A
discussion of the basis for this classifiecation iz found in Appendix III.
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6. Since in all hot olimates, whethsr dry or humid, the atmospheric
vapor pressure probably does not exceed 30 mm, Hg, it is possible to define
tolerance limits solely in terms of temperature for the special case of
tomperature rise with constant absolute humidity in aireraft cabins., This
directs sttention to the unique problem of the cockpit atinosphere wherein
the humidity effect is relatively restrioted, and permits a practical
simplification of the tolerance olassification. (Appendix III,)

C. CONCLUSIONS,

-1l¢  The requirements for aircraft oabins relative to ventilation and
cooling have besn reduced to two variables; dry bulb tempersture and rels-
tive humidity. These requirements for unconventional type siroraft are
given in the following table:

Physiologlocal lsvel

Limiting Environments ine 3* % L* Line 5+
°F 2¢ kO °%C . 2. l2¢
Relative ;0 128 29 s 6; 153 6'2
0 122 0 127 53 . 133 5
Rmidity  gg 112 Ly 117 L7 122 50
(%) 70 106 110 L3 1, L6
90 101 38 105 Lo 106 )2
Physiologioal Zones;
30 minute exposure Tolerable Tolerable Marginal
& minute exposure Tolerable Marginal Intolerabls

2. On the basis of climatic data now awvailsble, which show that ,
atmospheric vapor pressure may not be expected to exceed 30 mm, Hg, humidi?:
may be eliminated as a variable, and the requirements for ventilation sni
cooling of unconventional type uroraft stated solely in terms of dry mit
temperature, as follm:

Physiological ZYemperature Physiologioal Classification

Level op °C 30 Win. Exposure 60 Min, Exposure
" Line 3* 120 L9 Tolerabls Tolerabls
Line L* 130 5l, Tclerabie Margine)

Line 5% I 61 ~ Marginal ~ Intolsratle

* See Figure 1,
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D. RECOMMENDATIONS,

1. It is reccmmended that AAF Spesifieation ¥o. R-LOG59 be amended
to require, on unconventiomal type aireraft, limits of oabin tenponturo
in acocordance with the oonelusions of this report.

2, It is recosmended that these studies be smtinued (a) to add to.
the numbsr of Air Force personnel tested, (b) to inelude varistions in alr
movement, and (o) to assess the additianal effeoct of solar rediation.
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Materiel & Serviess 1; ------
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APPERDIX I
S4TN SERTES OF TRSTS,

4. SUBJECEIS.

Four subjeots, whose charaeteristics are given in Table I, carried
out the 48 one~hour tests in the main series, They are normally healthy
and sotive youg men with no defects whioch would make them wnfit for
military eervice, Seversl body typss are represented, but extremes are
lacking, No dietary or other hygienis control was exeroised, but no sud-
joot was tested during any conditiom which deviated nigniﬂoantly from
his health norm,

8inoe it is well kmown that acelimatisation to heat proeseds rapidly
during initial exposure, and physiclegioal respmses to hear are markedly
ochanged during this period, the four subjects wnderwent e preliminary .
scolimtization regime of four days. During this time, four hours each
day were spent in the AlleWeather Room at 120°F and 20 per cent relative
humidity., Hlf of this time was devoted to treadmill walidng, and half
to resting, but no physiological measurements were made,

B. = ERVIRONMENTAL CONTROL.,

The All-Veathsr Room at the sero lMedieal lLaboratory was the scene
of all tests.  The room temperatures are obtained by recirculating the
air over elestriec heating coils, and hmidification is acoomplished by
spreying hot water under pressure through atomizing jets into the room.
Both temperature and hhmidity eonditions are under autommtis control,
tut more precise adjustasnt may be made menwally. The envircnmental oondw
itions were set up during ths hour preceding the tests, and only minor
read justments were required during the test psriod., The peolizhed stainless
stes]l walls quiekly approsch air temperaturs, and the air-wall temperaturs
differential seldom exceeds £3°F, thus sasuring that the radiant and air
tewperature envirenments are substantially equal,

Dry and wet buld ‘smperatures were determined previcus to and three
times during the tests with a Priez fan-ventilated hygromster. The tem-
perature and humidity data of Tables IX, ¥V, and VI are the averages frem
the three cbssrvations made during the ccurse of the tests Relatiwe
humidity and vapor pressure were obtained by entsring standard tables wit™
the dry and wet bulb bemperature data®,

Turbulent air motien in the All-Weather Roem under the oomditions of
these experiments is equivelent to 3.5 miles per hour,

¢ Marvin, C.P., Psyshrometric Tables, Weunther Buresu, U. 8. Dept. &f Cam-
meree, U.8, Govt, Print. 0ff., 1941,

i 6-
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Avpandix X
#2in Series of Testa.

U, PHYSIOLOGICAL MEASUREMEMTS.

Feart rutes were obtained by 30-second pulse counts, Welght luss we:
obvained by difference froam the nude weight of the subject, mesuured befaouw
and after the hot-room exposure on & Fesirbanks platform sealss. sensitiee
to one ownoce., All articles of clothing (thermocoupls wnderwse:s, iipht
byrdeleth flying coverall, and sox) were weighed to & gram on & tolede
sosles before and after the test, Skin temperatures wers obtained from
thermocouples placed on the surface of forearm, chest, lower beuk, ;ump,
snd lower leg. Mean skin tempersture is the simple average of readings
from thege polnts. Reoctal tempersture was obtained from readings of a
thermooouple inserted to a depth of five inches.

D, EXPERIMENTAL ROUTINE,

The subjects stripped, were weighsd, and then donned previcualy
wesighed clothing. They sat at rest for 15 to 30 minutes undsr normal
room oconditioms (dry bulb, 75=-80°F, relative humidity, 25-L0 per sent)
during the letter part of which pulse, and skin snd rectsl t emparature
deta were taken,

After entering the All-Weather Roeam, the subjects took siitiag
positions, and physiclogical measurements wers mede at 20, LO, and &0
minutes of exposure, Ths tests were terminated at 0 minutes, or when
conditions became intolerable, and the subjects were forced Lo leawe tho
hot room. The symptoms which terminated experiments before the sulmdules
time are disoussed in Appendix III

.

8ixteen exposures were accomplished at dry bulb temperaiurnu i
from 92 to 158°F, and relative humidities from 7 to 88 per cunt. alx
tests all L subjects were tested; in the remaining, two or thres wers
useds The environmental conditions of the tests are detalled in Table -

E, RESULTS,

Since in the eight most extreme exposures one or moye of ks winisn’ -
were unable to complete the 60 minutes, the values at LO minmwima
ehosen to sharacterisze ths physiologieal response to the partis
ment. In this way all the data sould be used. The average dsix !
four measures, heart rate, skin sand rectal temperstures, and weisv Los:
date, in the ceses of tle early terminated tests, were oanleulsntsz. !
60-minute basis, but were not included in the Index beszusze of
validity of the recaloulatsd water losses. Accordingly, the L
average values for heart rate, and skinm snd reotal tempsrature
wore used in the computation of & lewvsl of physiclegleal respancs ().
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Appendix I
¥ain Series of Tests.

Ths three physiological veriables were given an equal weighting, by
expressing each as a deviation from its mean, and averaging these deviatiuns
to obtein L. Two envircnmental values were used in the snalysis, dry bulb
temperature and vapor pressure of the air., Zerc order correlations were
then computed, ylelding positive ocowffiocients between L and dry bulb, end
L and vapor pressure, and a negative correlation betweei dry buldb and wapor
pressure. The latter relation is due to the fact that high dry bulbs and
high vapor pressures in combination are intolerable and no data could be
seoured under these conditions. The high partial sand multiple correlations
indiocate that dry bulb and 7apor pressure are linsarly related to L and
constitute the essential onvironmental varisbles*. A regression equation
wes then formuleted from which L may be predisted from vapor pressure and
dry bulb temperature.

From this equation lines were plotted on a dry bulb-vapor pressure
chart at five values of L, namely, at -~1,0, «0,5, 0,0, 0.5, and 1,0 in
standard deviation wnits, respectively labsled lines 1-5 (Figure 1),
Curves of relative humidity are shown for refersnce, The original L date
(average for 2-l subjeots at each exposure) were then plotted on Pigure 1
to indioate the relationship. The general trend is apparent, namely; as
dry bulb increases, the tolerabls vapor pressure decreases. The corres-
pondence betwsen L valusz and the discrete data is omly general, but the
only point markedly out of line is an L of =0,55 whioh should be close
to the 2 line instead of above and to the rlght of the 3 line., No reasumn
can be glven for this disorepancy,

‘The values at five levels of physiolegieal response based ¢n 4O min-
utes of exposure sre displayed in the following tabulatioms

Feart ‘Rate 134.0 125,0 116,0 107.0 98,0
Skin Tomporntura 101 ob 100.)4 9905 9806 97.6
Rectal Tempe rature 100 oh 100.0 %05 99.0 98&6

# It is realized that the above treatment of the deta violates certain
statistieal rules, o.,g., intra-individual and intereindividuml data are
treated together, and the correlations are besed on a small number of
variates. Consequently, statistiosl inferences concerning reliability
and generaligation oannot be justified, end the results must be judged
in the light of the data obtained, end the outcome of check tests )
described in Appendix II.
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Appondix I
M¥ain Series of Teats.

Figure 2 shows the data analysed in snother way, The 16 tests wers
serialized scoording to L and segreguted into i groups of four tests each.
Average physiclogioal responses for sach group are plotted showing both
ths trend durinpg the exposure and the difference in magnitude of responss,
Groups III and IV display an equilibrium in skin temperature after the
initial rise, only alight rises in reotal, and moderate elevations of
heart rate. The average responses of groups I and II, on the other hand,
riss to greater heights in all wvariebles. The differences betwsen them
refleot the small divergence in their mean L indices, :

Weight loases for the groups in grams per square meter of body surface
generally correspand in relative magnitude to the values for the other
physielogical variables. This indicates that distruat of the weight loss
data because of incciplete experimsnts was probably unfounded, but it also
shows that weight loss correlates well with heart rate and the body tempera-
tures. Omission of weight loss from L, therefore, can have made little
difference in its charscteristics,
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APPENDIX II

CHECK TESTS.

The primiry purpose of the Main Series was to establish the relation~
s8hip between physiological responses and the environmental influences. The
shape of this relationship is defined by the formula:

L = =7.31 + ,047 (dry bulb) + .057 (vapor pressure)

With this formula one may determine the various cambinstions of the environ-
mental conditions which will produce a given L or any of its physiological
correlates, ~The slope of relationship being defined, the selection of &
physiological response level is distated by consideration of the speoifioc
problem at hand. In the present instance the purpose is to define tolerence
limits for short exposures. Over such short periods heat belence need not
bs attained as shomm by ocurves in Figure 2, and the oritical iasue is how
long exposure may be continued before oritiocal hyperthermis develops. It
was decided to define two tolersnoe limits, 60 and 30 minutes in duratiom,
and these for men totally unacolimmtised to heat,

\

A. SIXTY-MINUTE TOLERANCE LIMIT

After some inspection of the Main Series data, the L line was
tentatively chosen as the 60-minute tolerance limit for unacclimmtized
men, Fourteen subjects were selected as available from the laboratory
roster. All but one were noviees in hot room studies. The environmental
canditions at the seleoted points alang the i line which were chosen for

test and the physiological responses are given in Table V, and plottod p 5¥
Figure L.

Two oriteria should be applied in the evaluation of these data.
The first pertains to ths setting of the physiologieal level., That the
choice of the L line as the &0-minute limit was substantially eorrect is
showri by the faocts; (1) all subjects but one were able to complete the
peridd without symptoms of heat exhaustion, collapse, or any of the extysms
sensations vhioh foreosd subjeotz to leave intolerable enviromments in the
Main Beries®; and (2) the terminsl heart rates and skin and rectal temper-
atures in this series (see Figure 6) agree reastmably well with the mean
values for line L, shown in ths ‘abulation in Appendix I.

« See Appendix III,

» 10 -
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Appendix IX
Cheok Teats.

The seoond oriterian is the constanoy of physiological reaponse

wicng the selested line, To test this, the data have besn plotted serially
by expsriment number which is also the order of progression from hot-dry

to hot-humid oonditions. Since there is censiderable scattering of the

date about the average lines in all the physioclogieal measures, an equated
mean deviation seors (the sversge of physiologioal values expressed as
deviations from their means) was computed for each expsriment., Ideally, -
thess equated msan values should fall on & line through their mean. It

can be seen from Figure L that they fail to do so particularly in the cases
of numbers & through 3 which show lower values. The predioted L's for the
environmental oconditions of the tests, as oceloulated from actusl dry bulbs
and vapor pressures obtained*®, are shown in the figure, but the lack of
correlation with egquated means offers no explanation for the latter. The
disorepsncies in the equated means must therefore be attributed to individual
variability. Any possible error, and the evidence is that it eannot be large,
is on the oonserwative side.

As a furthsr check on the walidity of the line, negative storage
values were ccmputed for each case, according to the formuls:

8 = .83 xWx (.67 dTr + 033 JTI_L
) 8A

where, 8§ = stored heat acowrulation (Koal., per sq, meter)
&3 = specific heat (Keal, psr Kg. per degree C)
W = body weight in Xg.

4T, = difference between pro-oxpoauro and terminal
rectal temperstures ( °C)

dT4 = difference between pre-exposure and terminal
ekin temperatures (°C)

SA = surface area (sq., meters)

These values, plotted in Figure 7, soatter about & mean of 71, and with
the exception of omss 1, there is no discermible correlation with dry buib
temperature, This means that the selected temperature~humidity conditlona
have an ‘spproximately equel effect upon heat balance,

Bs THIRTY-MINUTE TOLERANCE LINE,

A similar line of proof was used to validate a 30-minute toleransce
limit. Two facts led to the selection of the 5 line as a 30-minute toler-
anoce limit. (1) The sveregs L of the eight tests in the Main Series whioh
were terminated short of 60 minutes of exposure was + 1,0, stend., deviation
(1ine 5), and (2) no subject quitted the room in less time than 30 minutes.

* Absolute precision in tempsrature end humidity sciotrol eould not be
attained in ths hot room, consequenily, the averags «f thres wet and
dry buldb temperatures represent il oxposure environme: L.
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Appendix II
Cheok Tests.

This line is therefore marginal for the acclimatized subjeots for exposure
times of LO minutes or lenger., A sheck series of tests was conducted on

9 subjects at selected points along the 5 line, The data are given in
Table VI and the physiclogical values are plotted in Figure 5. Again

these data may be evaluated in sccordance with two oriteria; (1) the
levels of physiologieal response defined for 1.0 Index (see tabulation

in Appendix I) wers approximated by terminal values in the 3O-minute

check series (see Figure 7). Thus heart rate in the latter case is but

6 beats lower, skin tempsrature about the same, and rectal temperature 0.3°
F lower. {2) The equated mean responses similarly test the validity of the
Blope valus of the L formula (Figure 6). Again, considerable soattering
of valuss about the means is found. The meost notable deviations are the
pronounced weight loases of subjeots 5 and &, who are heavy men weighing
220 and 202 pounds respeotively. Even when weight losses were ocaloulated
to wnit surface ares these men sweated ruch more than the more average
sized men, Consequently, the sweat losses markedly elevated the equated
means of these two subjects, Disregarding these cases then, ths remaining
equated means scatter about their average line without displaying a elear-
out departure from rero slope.

Storage values were also oomputed for the nine subjeots in the 30~
winute series, These are plotted in Figure 7., The storsage values scatter
about an average of 70 k-eal, per square meter without signifisant correle-
tion with dry bulb temperature, sttesting to the equivalent effect of thease
environments upon heat balance.




Eag. Dive Memo. Report
Wo. TSEAL~3=695-L94
24 February 1945,

APPENDIX IIX

DISCUSSION

A. CRITERIA OF EEAT TOLERANCE

From a purely physiecal standpoint the human body may be viewed
a3 & moist, blaock, and internally~heated objeot which carries cut thermal
interchanges with its enviromment in accordance with the heat balance
equation

N

BEIR:2C=R
where, heat produetion

change in heat oontent of the body
rediant heat transfer

convective heat transgfer
evaporative heat transfer.

Waxmor |1

"M is always a source of heat and E & loss of heat, but the signs
of 8, R, and C are s0 chosen that in an envircnment colder than the body,
¥+ 8S=E+ R+ C, and in an environment hotter than the body, E + 8§ = ‘
M+ R +C, The latter is pertinent to ths present situation, except for -the
added factor of ths insulation of olothing which tends to reduce radiative
and conveotive gain and to slter the vharacteristies of evaporative cecling,
No attempt has been made to strike a thermodynamic balance in the present
deta because eertain elements, such as effect of wetness on the elo of
clothing mnd on the efficiensy of evaporation, have not been determined.

However, the heat balance is not a measure of tolerance, and the
physiology of the: humern body is too complex to permit of a formulation
in physiecal terms alone, Of the physiocal factors, only §, the change in
stored heat, is an index of the strain on physiological mechanisms. With
rise in stored heat - this is positive in the sense of seoumulation in
the body, but negative in the thermodynamioc equation == body tempersturs
rises, stimulating sweat production, and rises in metabolic rate and hear:
rate. Up to & ocertain point this condition of hyperthermia is adaptive;
sinoce augmented sweat production inoreases evaporative heat loss, and
sceeleration of heart rate inocreases peripheral ocirculation so that the
bloocd may more readily give up Ats heat at the skin. Thsase responsez zny
therefore be used as physiologiocal indices of the effeoct of heat upon the
body, providing a scale of heat load with which may be correlated, on the
one hand, the environmmentsl variables, ard on the other hand, the wvarious
unmeasured physiolegiesl and psyshologicel reseotions by which we judge the
exposure as tolerable or intolerable.



Bnge Dive Momo. Report
G, TSEAL-3-605-L9A
28 February 19L5.

Appendix III
Jiscussion.,

Four variables have bscome standard in the assessment of the physiue
logioal effect of hot environmentss (1) heart rate, (2) average skin temper-
ature, (3) rectal temperature, and (L) sweat loss. Applicatiung including
two or more of these variables appear in papers by Adolph and Dill (1938),
Robinson et al. (1943), Taylor et al. (1953!) and (19,3b), and Robinson
(194L). The latter suthor has integrated these into the following Index
of Physioloziocal Effect (E )t

100 (3 - H)) , 100 (83 - §)) 100 (Rs - ®y) , 100 (Vs - W)

where the symbols H, S, R, and W mean heart rate, skin temperature, rectal
temperature, and sweat loss, respectively, and the subscripts 1, 2, end 3
refer to responses at the minimal, maximal, and intermediate environments.
This provides a scheme for rating all environments in terms of their obssrved
physiological effect as a per cent of the effeet at the most extreme envircn-
ment the subject can tolsrate. Robinson has presented tolerance contours in
terms of Physiological Effect plotted on a psychrometric chart,

Ep'

Tolerance contours g shown in Robinson's data and in the resw.i.
of the present investigation are affeoted by humidity as well es tempereture
since humidity lowers the tolerable temperature by limiting ths rate of
evaporation, Gagge (1937) has shown that for the nude human bcdy, evapors.
tion can be expressed by the formuls,

E=wu (€T =rhx ¢T,)

where, E = evaporative loss (K.oal./ eg. metsr/ iy}
w = per cent wettedness of body surfacs

M = an evaporation constant, the value of which
- 1s unknown,

In exposures short of evaporative limits wsc and ths vapor pros
sure gradient wary reciprocally, as determined by vepor pressusre of the
atmosphere, E, however, is limited Wy the w = 100 per cent , rezsrdless
of the vapor pressure, end wu, for speeifie sonditiocnz e?f vlr mstion,
direction, ets. has been determined hw Gagge (1937} at appruximately 30

K.cal, per square meter per hour per om, Hg of mp@w prossure gradisat,
Winslow et al. (1938) have defined the iimits of serntive %%ul&ti B
on the basis of this walue for & rangs of wapor [..iouyr  gredlus

-
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The we concept has not been sompletely worked out for oclothsd
g0 1w0ts where insulation retards heat gain by radiation and convection and
sff'acts the evaporative funotion, Hence, empirical methods such sas Robinsonfs
bused on physiological oriteria have most commonly been used. In Figure 1,
two of Robinson's toleranss contours, the 100 Index line and 175 Index line,
have been pletted, together with the walues of L determined in the present
study. The slopes of the 100 Index and Line 1 agres very well, but the 175
Index line tends more toward the vertical than the AML lines., This lack of
sgresment cannot be explained with the data at hand, since Robinson's experi-
ments did not extend beyond 120°F, and his method of computing tolersnce
eontours is not adequately explained.

At extremes temperatures snd/or humidities, symptoms ocour which
indicate that the temperature regulating system has failed to prevent oritical
risse in body tempersture beyond the point of compensation, These terminal
events in physiologiocal breakdown are collectively known as heat stroke, of
which three types are lmown, as follows; (1) sutstroke, (2) heat exhaustiom,
and (3) heat oramps, The first and third of these types are not pertinent
to this investigation, respectively, beeoause of lack of solar radistion, and
becsuss the duration of the tests was too short for coritical salt depletiom
to osour, The seoond type, hest exhaustion, hus been observed expsrimentally
by several investigators, Taylor st el. (193a) and (1943b), Bean and Eichsa
(1943), and Adolph (1943). The aymptoms include nauses, vomiting, tachyoardis,
hypotension, vertigo, hesdache, dyspnes, anorexia, incoordinatiom, and colleps:
That these svents are not dus to simple dehydration has been showr in the
studies of Taylor et al, (193a), snd Bean and Bichna (1943), whoss subjects
were allowed water ad 1ib. throughout the experiments. The diversity of syw;
toms suggests that when heat tolerance is exceeded, the physiologiosl meshani-
which will be vitally affected vary to soms extent with the individval, The:.
is, howsver, much inferential evidence that oirculatery failure is st the br -
of most of the symptoms; that the essential feature is derangement of genure:
circulation because of the demands made upon peripheral ciroulation by the
hesat loss mechanism, .

In six of the Main Series teats gubjects were forced to leave the
hot room before the end of the socheduled hour. These tests were all wmsde 3.
environments at or above line 6 (Figure 1). None of the four subjests, who
it should be recalled had been given a four-day scclimetizatiom prior to the
series, displayed typioel symptoms of heat exhaustion. The most common
oscurrenoes in addition to the measured physiologiocal respconses were modorai.
dyspnea and markedly flushed skin, The most notable subjective experiences,
were & sense of suffooation snd weakness, and a desp-ssated feeling of impu...
ing orisis. Under these conditions, thouzh actusl phyzislogieal sollepss
might not oacur, precccupation with the acute discomfcrt would go far bo
reduce the effiocienoy with which dutier ‘neldent to pilotiing sn wirplan.
would be earried out.

1
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With the exception of two men, whose symptoms will be desorided in
ths next section, the subjests in thy 60~ and 30-minute cheok series sompleted
thsir exposure periods without either clearout signs of heat exhaustion or
feslings of intolerable discemfort. It is highly probable that the sitiing
position enables the withstanding of more extreme exposures. without dewelop-
ment of heat exhaustion. than aoctivities in the orthostatic positian, beoauss
¢f lesser strain upen the cardiovascular system,

B. TIO CASES OF HEAT EXHAUSTION,

; Among laboratory personnel who volunteered for tests, two enlistad
men, Prt. TA aged 38, and Sgt. RC aged 36, were forced to leave the hot room
bsfore the end of cne hour's exposure becauses of symptoms of heat exhaustics:.
In both onses the tests were repeated with similar results. The exposure
environments were approximately on line 5, Physiological data for the two
tests on both subjects are plotted in Pigure &, together with the camparable
average ourves of ths group in the &0-minute sheck series. It is first noted
that the Meart rate of RC is not remarkeble, but that for TA, is accelerated
much more rapidly than the average. Skin temperatures were not atypiosl,
with the possible exception of the first test om TA. Reotal temperature
rises were caomparable with the group average., Sweat losses, besed on anly
one determination for each subjeot, are within the range for the &l-minute
group. Sumarizing the evidence, it cannot be said thet subjeot RC displays
any abtnormality in the funetions meszured, TA, while not almormal in bedy
tenperatures and aweat loss, dispisysd s cleareut tendency to develop a
rapid heart rats in the heat, resching or exceeding 140 beats per minute, 2
value which is usually close to the limits of tolerance for sitiing subjeots
in the present investigation.

The sudbjsctive symptoms were likewise different in the two subi+ ..
14 reported faintness, scotomata, bresthlessness and tingling in the harn#:,
but did not eppear in imminent danger of collapss before being removed o+
the hot room. RC bsocams weak, pale, andalightly nausested, but sinee I+ 1
not displayed an almormal pulse ¢trend, hs was put in a prone Ikneeling par. -
tion in the hope that he would revive while still in the hot roem, Theu:
efforts weres of little avail since on reassuming sitting position he egi’ -
became faint. After lsaving the hot room he was put down in bed and ati:
by a medical officer. Recovery was rapid and uneventful, and the men res: .-
his laboratory. duties within s half Hour., It is oclear that these wap poans
sonstitutional or fitness divergencies whioh set them apart fram ths graus.

C. SEIECTION OF RECOMMENDED TOIERANCE LIMITS,

The results of the &0~ and 30-minuts oheck series (Appendix Y1)
showed that the selected environmsntz (lines L and 5) were not too extrems
for all subjects, but two. Furthsrmsrs the physizlegiesl respasss for
these groups are within tolsrauble limits when compared with these in the

v 16 -
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Main Series. The development of hea. exhsusticn in two men, howsver, urges
caution in the selection of tolerance limits. Conssyuenily, these environ-
merts must be listed as mwarginal and the next lower lines, 5 and L;, selected

as tolerable, It should be noted that subjeets T4 wnd 1¢ tolerated the
environment of line L for 30 minutes, and could werieiuly tolerate line 3 for
€0 minutes. Hence, the physioclogical clawsillcatien ag given in C. Conolusions,
has been proposed as a basis for recemwendetiom. :

D. LINITS OF HUMIDITY IN AIRCRATY,

The toleranece limits defined in Figure 1 extend into ranges of
humidity and vapor pressure which mey not Le sxpected to ocour in airoraft,
Alr caught in the ventilating scoop will be hsated adiabatically without
ohange in absolute humidity or vapor pressures, This narrows the range
of possible humidities at high temperature. It is therefore only necessary
40 determine the maximum vapor pressure to be ¢xpeoted in the atmosphere mnd
give oonsideration to only thoss portions of the tolermance lines defined by
this limiting vepor pressure.

Considerable study of ihe aimospherls vepur pressures in the vavious
elimates has shown that maximal veluss oecur only in hot humld areas, the
nodt extrems of whieh have teen repcrited in India, Bume, snd Indo-Chine ®,
Judged by average monthly temperature and humidity resdinges in these reglonsg,
the wepor pressure doces not exceed &) wum. Hg. Howsver, it is possible tls !
on some days this value might be excesded, bul it ia'deubbtful that an sbs i la
orxismum would be higher then 30 mm. Iige

Using this veius as a limit, the tolermnce limitr may be expr:nu-.
a8 temperatures at 30 mm. Hyg or vapoer pressurs lu order to simpiify snd
reduse to one wvariable the recocnmendations. These limits, given in Co 7%,
it should be notsd, are conservativs, end at lowsr vepor pressures, hilgh:.
temperatures oan he tolerated, ez dsfined by ithe lolsrance lines.

s This information has kindly been supplisd in & domumenicwvlion Frem Malor

Weldm F. Heald, Office of the Guertermester (enesai, M iakes sleer thai
the studies on whish the somelusisuz vre bosed are ngt yet completed, Luk

ell present information indicates tiw: the 8tebed salium TRE4T DYSBIUFIHE

are correct.

§
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Cutter
Joffe
Karpa
Taylor

Main Series;

Cheeck Tests;

60 Min, Series Spratt
Rodbard
Allen
Pilaseoki
Hall
Taylor
Jaockson
Marbarger
Sadlowski
Hartsough
Radsginski
Casbarre

Check Tests:

30 Min, Seriss Cope land
Toka ji
Smith
Schacter
Brookins
lee
Shively
Cutter
Patt

TAVLE I
SUBJECTS
: Surface

EBxp. Ro. AS. Ht. Wt Ares
- 29 73 202 2.16
-— 30 68 146 1,79
— 28 70 176 1.98
1 31 68 12 1.76
2 29 68 161 1.84
3 35 72 197 2.10
L 35 70 165 1.91
5=9 35 &8 153 1,82
6 35 71 189 2.05
7 35 & U5 1.79
8 24 yn 206 2.21
10 28 mn 18, 2,02
11 21 67 130 1.68
12 20 3 155 1.92
13 25 67 133 1.69
1 30 7 167 1.9
2 29 68 1L 1.77
3 25 70 132 173
L 23 67 135 1.69
5 20 71 202 220
6 23 68 115 1.50
T 21 a 168 1,00
8 29 73 203 2,16
9 29 66 1.5 1.7

« 10 -



TABIE I1

ENVIRORMENTAL DATAs MAIN SERIES

Bxp. Dry Wot Relative Yapor
No, Buld Bulb Humi ity Pressure
1 158 93 7 16
2 149 95 i 27
3 140 88 12 18
L 131 104 Lo L5
5 125 %4 3 31
6 12), &, 2 20
7 115 %Rk Lo 30
8 113 9% 57 Lé
9 111 &, N 21
10 110 92 51 32
11 108 105 &8 5l
12 106 102 88 51
13 106 100 81 L7
1 100 88 é2 31
15 96 %e 86 39
16 % 72 3L 13

. 20 -
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TABLE IIX
PHYSIOLOGICAL DATA; MAIN SERIES

e e temp.  Tempe W Toes
. Po Loss
7 101.7 100.1 1,20 562
2 129 101.4L 100, 6 1,00 é27
3 107 9847 98.9 - 55 511
L 136 101.6 100.4 1.09 64
5 119 101.2 9.8 097 60l
é 125 98.1 9.3 - .15 547
7 104 98.6 9.1 - 5k 506
g 127 101.2 100,6 93 517
9 106 97.2 99.2 - 70 307
10 o8 97.6 98,9 - +90 L25
11 136 101.5 100.6 1.15 69
12 S 131 100.6 9.8 .59 626
13 128  101.0  100.5 .88 618
) R 97.5 98.7 - 1.11 2ls
15 91 98.5 98.2 - 1.15 156
16 a2 956 98,0 - 1,60 108

» 21 =

388
232
272
228
168
236
254
162

T

76
105
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TABLE IV

STATISTICAL SUMMARY:

Physiologiocal Variables;
Heart Rate
Skin Temperature
Reetal Temperature

Environmental Variables;

(y) Dry Bulb Temperature
(z) Vapor Pressure of Air

| Physiological Level: (x)

Correlations;,
Zoero Order; r LY - 4

Multiple;

Regression Coefficients '

v BxYO z = B8

’ Bxg.y - 075

Yean

9945
- 99.5

117.7
3245

0.07

Partial,

bryes *

bxe.y

MAIN SERI®S

Std. Dev.

17.8
1.91
0.85

18,2
12.8

0.97

Xy
ryz.x

Txgey

<047
057

Ran 50

42+ 17
95.6- 101.7
98,0~ 100.6

92- 158
13- 5k

(=1.6) - (1.2)

L = =7.31 + 047 (dry bulb) + 057 (vepor pressure) t .33
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